Because of its close relationship with the process of evolutionary differentiation, it is expected that geographic variability in acoustic sexual traits should be greater among than within populations. This is particularly expected in organisms with typically high population genetic structure and low dispersal abilities, such as anuran amphibians. We studied the acoustic traits of the advertisement call in the small-sized dendrobatoid frog Allobates paleovarzensis through its range in Central Amazonia. We accessed the variability of call traits from the within-male to the among-population levels, and evaluated the degree of stereotypy of the call characteristics. Call variability had comparable magnitudes within and among populations, and was independent of the degree of stereotypy of call measurements. Therefore, none of the call traits stood out as a potential cue for discrimination between populations. Spectral call measurements were static and strongly related with body size, which explained between 30 and 35% of the variation of these acoustic traits. Temporal characters of the notes were dynamic and influenced by environmental temperature (e.g., 27% of note rate variation), whilst temporal measurements of the entire calls were not related to the co-factors analysed. Both spectral and temporal call traits varied among populations and between sides of the Amazon River. Our results also indicate that body size and sampling site jointly affected the variability of the call traits. However, geographic distances among populations and the river barrier had no significant effect on the overall acoustic variation, indicating that local stabilising selective forces may be important in the process of call differentiation.
Introduction
Variability in secondary sexual characters is a pivotal component that underlies the evolutionary framework in which selective forces take place, and changes in mate recognition systems may even precede the evolution of other indicators of specific status Panhuis et al., 2001) . Therefore, analyses of geographic variation in intraspecific communication systems have the potential to detect the development of differentiation among populations, allowing researchers to derive testable predictions about the evolutionary significance of such divergences (Gerhardt & Huber, 2002 ).
An acoustic signal conveys information about its sender, such as species identity, body condition, and mate quality, and these characteristics have been decoded from the signals in a variety of animal groups, such as monkeys (Fischer et al., 2004) , bats (Behr et al., 2007) , crickets (Verburgt et al., 2011) and frogs (Chakraborty et al., 2010) . Given that these signals are often related to sexual recognition and other aspects of pre-mating reproductive isolation (Gerhardt & Huber, 2002) , their decomposition into their spectral and temporal properties should provide clues regarding their potential in sexual discrimination among populations (e.g., Pröhl et al., 2007; Gomez et al., 2011) and even individuals (e.g., Gasser et al., 2009; Bee et al., 2010; Melendez & Feng, 2010) . Bioacoustic traits of individuals can be classified as static or dynamic according to the continuum of coefficients of variation observed (Gerhardt, 1991) . Previous results suggested that female frogs impose more stabilising selection on stereotyped (static) properties, while directional selection should be imposed on more dynamic call traits, which show higher coefficients of variation (Gerhardt, 1991) . In addition, the degree of stereotypy has been proposed to be related to the spatial pattern of variation of the different properties of the call (Castellano et al., 2000) .
Spatial separation is a potential predictor of both gene flow and degree of environmental similarity between populations (Lougheed et al., 2006) . Geographic signal differentiation is frequently observed in frogs, on both small (e.g., Boul et al., 2007; Rodríguez et al., 2010) and large scales (e.g., Heyer & Reid, 2003; Amézquita et al., 2009) . Empirical patterns of spatial distribution of acoustic intraspecific variability have been attributed to different evolutionary forces which could act synergistically: correlations between acoustic and geographic distances are associated with neutral evolutionary processes such as genetic drift (Pröhl et al., 2007; Amézquita et al., 2009) , while vicariant effects are invoked when differentiation in calls is congruent with the crossing of geographic barriers (Simões et al., 2008; Rodríguez et al., 2010) . Intraspecific signal divergence may reflect adaptation to structural features of the environment that differ between habitats (Ryan et al., 1990; Ryan & Wilczynski, 1991) , or may be associated with female preferences; the latter may be interpreted as evidence of speciation caused by sexual selection (Boul et al., 2007; Guerra & Ron, 2008) .
As a highly energy-demanding activity, the emission of advertisement calls has morphological and environmental constraints acting on ecological time scales, which are regarded as co-factors and should be controlled in comparative bioacoustic studies (Prestwich, 1994) . They constitute an additional source of variation, of which the extent of interference varies between species and among the different acoustic traits considered (Gerhardt, 1991; Gerhardt & Huber, 2002) . Studies observed a correspondence between the degree of call trait variability and the co-factors responsible for their variation (e.g., Castellano & Giacoma, 1998; Castellano et al., 2000) , and our knowledge on the evolution of call trait stereotypy should be benefited by a better comprehension of this association.
Because of its close relationship -either as cause or outcome -with the process of evolutionary differentiation, it is expected that geographic variability in acoustic sexual traits should be greater among than within populations (e.g., Castellano et al., 2002; Smith & Hunter, 2005) . This is particularly expected in organisms with typically high population genetic structure and low dispersal abilities, such as many anuran amphibians (Lougheed et al., 2006; Vences & Wake, 2007) . The potential for a given call trait to act as a cue for discrimination (through either social recognition or sexual selection) can be evaluated by comparing the ratios between among-and within population coefficients of variation (Pröhl et al., 2007) . Therefore, we analysed the variability in advertisement call traits throughout the distribution of the Amazonian lowland frog Allobates paleovarzensis (Dendrobatoidea: Aromobatidae) in order to access the variability of sexual signal in different levels. These are small-sized, diurnal, leaf-litter frogs that inhabit seasonally flooded forests of Central Amazonia (Lima et al., 2010) . Dendrobatoid frogs are frequently used as models in both exploratory and experimental studies of acoustic communication, although no such studies have been conducted with any member of the dull-coloured A. trilineatus species group (sensu Morales, 2002) . Related with comparing the within-and among-population variability in acoustic sexual traits, we aimed to evaluate the degree of stereotypy of each call trait by assessing coefficients of variation for individual frogs, test the association between environmental temperature and male body size with acoustic characters, and test for the effect of a river barrier leading to call differentiation in the study system.
Material and methods

Data acquisition
We recorded advertisement calls of Allobates paleovarzensis in ten localities (Figure 1 ), which will be regarded as individual populations in this study. Sampling sites were located in the state of Amazonas, Brazil, on both sides of the Amazon River, and were at least 28 km distant from each other. This study extends the known distribution of this species, for which the confirmed occurrence was formerly restricted to its type locality in the municipality of Figure 1 . Geographic distribution of sampling locations in Central Amazonia. 1, Careiro; 2, Janauacá; 3, Manaquiri; 4, Hiléia; 5, Novo Airão; 6, Anamã; 7, Anori; 8, Codajás; 9, Unini; 10, Barcelos. This figure is published in colour in the online edition of this journal, which can be accessed via http://www.brill.nl/beh Careiro da Várzea (Lima et al., 2010) . Therefore, this study comprises the entire known range of A. paleovarzensis. Fieldwork was conducted between January 2009 and June 2010. In total, we recorded advertisement calls of 123 males, with a mean of 12 males per population (SD = 3.8, range = 2-15; 12-15 when excluding Unini). Each male had its advertisement call recorded for about three minutes with a Marantz PMD660 digital recorder (44.1 kHz sampling rate; 16-bit resolution) and a Sennheiser K6/ME66 directional microphone positioned approx. 1 m from the calling site. After each recording, we measured environmental (air) temperature with a digital thermometer, and captured the frog, to measure body size (snout-vent length, SVL, in mm) with a digital calliper. Voucher specimens were deposited in the Herpetological Collection of the Instituto Nacional de Pesquisas da Amazônia, in Manaus, Brazil.
Call measurements were obtained from recordings in Raven Pro 1.3 software (Charif et al., 2008) . The advertisement call of Allobates paleovarzensis consists of groups of single notes separated by silent intervals (Lima et al., 2010 ; see Figure 2 ). For each recording, we chose 10 calls with less background noise for detailed analyses. Note measurements, including the spectral traits, were taken from the middle or next note of each call. Spectral measurements were taken after a Fast Fourier Transform with frequency resolution of 82 Hz and 2048 points. We considered ten call traits in our analyses: Note rate (NR, in notes/s); Note duration (ND, in s); Internote interval, as the silent interval between two consecutive notes of a call (InI, in s); Call rate (CR, in calls/s); Call duration (CD, in s); Intercall interval, as the silent interval between two consecutive calls (IcI, in s); Maximum (peak) frequency, as the frequency of higher intensity calculated for the entire call by a power spectrum function of Raven Pro 1.3 (MF, in Hz); Lowest frequency (LF, in Hz); Highest frequency (HF, in Hz); Note modulation, as the difference between the highest and the lowest frequencies of the call (NM, in Hz). LF and HF were measured at 20 dB below the peak intensity, the value at which the signal energy could still be clearly distinguished from background noise (Lima et al., 2010) .
Data analysis
The data set was tested for normality. When appropriate, we log-transformed data prior to carrying out the parametric statistical analyses. Given that certain call traits are affected by environmental temperature and male body size (Gerhardt & Huber, 2002) , we tested to what extent these two co-variables affect each of the call parameters in the species studied. For temperature, linear regression analyses were conducted. For all within-and among-population analyses we used temperature-adjusted acoustic data, by calculating overall regression coefficients (b) for all call parameters at the mean temperature of 25.4°C (SD = 1.08, range = 23.1-28.0). We applied the equation
where Y adj is the adjusted value of call measurement, b the regression coefficient and T the temperature. To test for morphological correlates of call traits, we performed linear regression analyses between body size and temperature-adjusted call measurements. The adjusted r 2 values obtained were used to estimate the percentage of variation explained by the independent variable.
We calculated coefficients of variation (CV = 100% × (SD/x)) for each call trait within individuals, within populations, and over all individuals combined. For each focal male, we determined the individual mean (x wi ) and standard deviation (SD wi ) of each call property (n = 10 calls/male), and we used these values to calculate a within-individual coefficient of variation (CV wi = 100% × (SD wi /x wi )) (Bee et al., 2010) . By averaging all withinindividual CVs, we obtained the mean within-individual CV (CV wi ). This measure allows us to assess the degree of stereotypy of each call property: call traits with a mean CV wi less than 5% were considered static; those with a mean CV wi greater than 12% were considered dynamic; and those with a mean CV wi between 5% and 12% were classified as intermediate (Gerhardt, 1991) . In addition, we calculated within-population CVs based on the mean (x wp ) and standard deviation (SD wp ) over all call-recorded individuals in each population (CV wp = 100% × (SD wp /x wp )). By averaging all within-population CVs, we obtained the mean within-population CV (CV wp ) (Pröhl et al., 2007) . Overall CVs (CV o ) were obtained from the grand mean and standard deviation based on averaging all the individual means from our sample (CV o = 100% × (grand SD/grandx)). This calculation has also been regarded as among-individual (Bee et al., 2010) and among-population coefficients of variation (Pröhl et al., 2007) . The Unini locality was excluded from the analysis of geographic variation because of the small sample size. Based on these measurements, we determined the ratio between the overall and mean within-population variation as CV o /CV wp .
To compare the difference in calls (with temperature-adjusted traits) between sides of the Amazon River and among populations, nested analyses of variance (ANOVA, populations nested on river sides) were conducted. We used two different models for each call trait: (a) a nested ANOVA without co-factor and (b) a nested anova with size as co-factor, thus constituting a nested ANCOVA. These two approaches were used in order to compare the F statistics obtained through the inclusion of body size as a co-factor in the analyses: if an interaction occurs between co-factors and populations (sampling sites), we would expect a decline in F statistics due to worsening of the model. All statistical analyses, unless otherwise stated, were conducted in SYSTAT 12.0 (Wilkinson, 2007) .
We tested the correlation between acoustic/body size distances among sampling sites and respective linear geographic distances by applying Mantel tests. In addition, partial Mantel tests were conducted to check for correlations between acoustic/body size distances and their division by the Amazon River channel, while controlling for effects of linear geographic distance among populations. For this, we constructed a binary correspondence matrix, designating the values '0' and '1' for localities within the same and between opposite sides of the Amazon River, respectively. Acoustic distance matrices were obtained from the dataset of temperature-adjusted call measurements by calculating pairwise Euclidean distances between their scores on first and second components (which together explained 79.0% of the total acoustic variation) produced by a principal components analysis (PCA). As the scores of the first principal component were correlated with body size (linear regression r 2 = 0.51, F = 9.39, p = 0.017), we regressed them against corresponding mean SVL measurements for each population, and used the residuals as new, size-independent acoustic variables from which new Euclidean distances were calculated. Mantel tests were conducted in ZT (Bonnet & van de Peer, 2002 ) using permutation of the null models (Anderson & Legendre, 1999) , and applying 10 000 randomisations.
Results
Effect of temperature and body size on acoustic traits
There was a high temperature dependency of all temporal traits related to the notes of the advertisement call. This relation was not observed in temporal call traits related to the entire call, nor in spectral characters (Table 1) . Males produced shorter and more closely spaced notes with increasing temperature. Environmental temperature affected one spectral property (note modulation), which was highly correlated with the temporal trait of note duration (r s = 0.53, p < 0.001, N = 123). The size of the frogs was related only to spectral parameters of the advertisement call. There were significant negative relationships between body size and the maximum, lowest and highest frequencies. Male SVL explained between 30 and 35% of the variation in spectral traits (Table 1) .
Stereotypy of acoustic traits
According to the within-male coefficients of variation observed, the most dynamic traits were related to temporal characteristics of the call. Call duration (range = 0.75-8.73 s) and inter-call interval (range = 1.02-5.51 s) showed the highest variability between individuals and populations. Temporal traits of the notes showed lower coefficients of variation, and spectral measurements were highly stereotyped (Table 2, Figure 3) . The lowest and highest frequencies of the call were the most static properties. Overall (or amongpopulation) and within-population coefficients of variation were similar, in- dicating a comparable magnitude in the variability of call traits regardless of grouping (Table 2) .
Geographic variability in acoustic traits
Call properties differed between the sampling localities, although measurements overlapped (Figure 4) . Seven of the ten temperature-adjusted call traits differed among populations, and five call traits differed between sides of the Amazon River (Table 3) . However, male body size also differed among the sampling sites (Nested ANOVA F = 3.68; p = 0.001) and between river sides (Nested ANOVA F = 4.23; p = 0.042). Therefore, analyses of variance were conducted with a new model, which included body size as covariate (nested ANCOVA). As a result, we still found inter-population and between-river differences in most of the call traits analysed. The differences were distributed among both temporal (related to the notes and calls) and frequency traits (Table 3 ). The inclusion of body size as a co-variate resulted in generally lower F statistics for the proposed models, indicating that interactive effects between morphology and geography (sampling site) take place in the system. Gerhardt (1991) . 
Discussion
Variability in acoustic sexual signal traits throughout the range of the Amazonian frog Allobates paleovarzensis showed comparable magnitudes within and among populations, and was independent of the degree of stereotypy of the acoustic characters. The relative importance of a given call trait as a potential cue for discrimination can be assessed by comparing the ratios between among-and within-population coefficients of variation (Pröhl et al., 2007) . Higher between-than within-population CV ratios were found in the polymorphic Oophaga pumilio, a dendrobatoid species studied on a similar geographic scale (Pröhl et al., 2007) . In a study comprising most of Brazilian Amazonia, the neotropical hylid frog Dendropsophus leucophyllatus also showed a much lower within-than between-population call variability, although this taxon may consist of a complex of cryptic species (Lougheed et al., 2006). Therefore, our findings suggest that none of the call traits analysed is indicated as a potential cue for social recognition or sexual selection between populations of A. paleovarzensis.
Ecological and behavioural traits characteristic of the genus may be related to the unexpectedly low overall-/within-population CV ratios observed in Allobates paleovarzensis. Here, we hypothesise three non-exclusive causes: (1) Absence of local selective forces causing signal differentiation. Its presence is expected in scenarios involving acoustic character displacement (Lemmon, 2009) . At all the localities visited in this study, no other species of the ecologically similar A. trilineatus species group was found to occur with A. paleovarzensis (Kaefer, unpubl. data) . Therefore, we believe that no ecological interspecific selective pressures would be causing important call differentiation (i.e., higher than between-populations) through the range of the species studied. However, it is important to note that the compo- sition of acoustically coactive sympatric frog species was not important for intraspecific call differentiation in the congener A. femoralis (Amézquita et al., 2006) . (2) High call trait variability among males. Studies on A. femoralis suggest that between-male call variation is pronounced and sufficient to allow statistical distinction of individual males ). This individual signature in call traits could also be present in A. paleovarzensis and lead to the high within-population levels of call variability observed. (3) The use of visual cues to recognise and select mates. Interpopulation variation in calls may have less importance in systems where visual cues are employed in mating interactions. It is likely that A. femoralis uses visual components in mate recognition and choice (Luna et al., 2010; Montanarin et al., 2011) , as was observed in the dendrobatoid Oophaga pumilio (Maan & Cummings, 2009 ). In addition, the observation of multimodal communication (with the visual component as the secondary channel) during agonistic interactions in the genus lends further support to this hypothesis (Narins et al., 2003 (Narins et al., , 2005 . Therefore, future investigation involving playback experiments on intraspecific mate recognition in A. paleovarzensis should provide us with elements to disentangle the candidate causes for the observed pattern of similar within-and among-population call variability.
Only spectral properties of the advertisement call of Allobates paleovarzensis were significantly affected by male body size. This effect is often observed in frogs, and is due to the mass and resonance of the laryngeal sound-producing structures (McClelland et al., 1996) , although some species also show temporal properties influenced by male size (e.g., Zweifel, 1968; Castellano et al., 2002; Gasser et al., 2009 ). The high coefficients of determination observed indicate that all static acoustic properties of the call are under strong morphological constraint, and also that these call properties may be honest indicators of their control factors. Therefore, we should expect that females might impose a stabilising selection on spectral traits of A. paleovarzensis, although we cannot disentangle the selective forces driving body size and spectral features in order to evaluate their relative importance in call evolution.
As a neuromuscular mechanism, the regulation of the temporal properties of calls for anurans and other ectotherms is affected by environmental temperature (Prestwich, 1994) . In Allobates paleovarzensis, all temporal traits related to individual notes, but none related to calls, were affected with this co-factor. This apparently lower sensitivity of calls to temperature may be related to the lower stereotypy (i.e., higher coefficients of variation) of call parameters in relation to those of the notes, making them subject to higher 'confounding' intrinsic variability. In fact, Gerhardt & Huber (2002, p. 15) reported a trend for shorter components of the call to be more static, and our data support this observation. Additionally, the social environment composed by co-and heterospecific acoustic signals at the time of the recording may constitute a third source of variation that may affect call traits (Wells & Schwartz, 2007) . Therefore, given that call characters were not related to morphological or temperature constraints, it seems likely that, in addition to intrinsic factors, their display may be subject to social regulation.
Both spectral and temporal call traits varied among populations and between sides of the Amazon River. Intraspecific geographic variation in acoustic signals is frequently observed in Amazonian frogs, and highlights the neglected within-species diversity of frogs in the biome, which is also home to a large number of undescribed species (Fouquet et al., 2007; Angulo & Icochea, 2010) . Differentiation in Amazonian anurans has been tested regarding river barrier effects, and provided mixed results associated with geological, idiosyncratic river characteristics (e.g., Gascon et al., 1996 Gascon et al., , 1998 Lougheed et al., 1999; Funk et al., 2007; Simões et al., 2008; Tsuji-Nishikido et al., 2012) . Among these characteristics, width has been indicated as determining the effectiveness of a river barrier in promoting speciation in Amazonian birds (Hayes & Sewlal, 2004) and mammals (Patton & da Silva, 1998) . We are not aware of any other study investigating the Amazon, the largest river of the biome, as a promoter of phenotypic differentiation in frogs. Not all acoustic properties of A. paleovarzensis showed congruent patterns of divergence, and both river and geographic distance effects were not significant in the overall acoustic variability when summarising all call traits in principal components. The Amazon River was found to be most effective as a dispersal barrier for forest birds along its lower, wider portion, between its confluence with the Negro River and its delta, where it meets the Atlantic Ocean (Hayes & Sewlal, 2004) . According to this proposal, our study area lies in a portion where the Amazon River is expected to exert intermediate effects as a vicariant barrier. Future studies should be designed to test the effect of the river on intraspecific differentiation along different portions of its course. In relation to isolation-by-distance effects, a correlation between geographic and acoustic distances would be indicative of neutral processes acting in phenotypic differentiation. Therefore, our results indicate that local stabilising selective forces may be important in call divergence.
There was a positive relation between body size and geographic distances among populations, and as expected, spectral variables of the call followed a similar pattern of variation. However, the different call properties showed divergent patterns of geographic variability through the range of the species, as also observed for the dendrobatoid Oophaga pumilio in Costa Rica and Panama (Pröhl et al., 2007) . In addition, we could not associate the divergent geographic patterns of call variation to the trait's degree of stereotypy, as observed for green toads from Central Asia (Castellano et al., 2000) , which suggests that call variation in some anuran species may not follow this pattern. dro I. Simões for valuable suggestions during this study; to Janet W. Reid for the English revision; and to two anonymous reviewers whose observations greatly improved this paper. This work is part of the PhD thesis of I.L.K. We also thank the Brazilian Conselho Nacional de Desenvolvimento Científico e Tecnológico for financial support (CNPq-CT Amazônia 575572/2008-6). CNPq provided a research fellowship to I.L.K. and a productivity grant to A.P.L. This study was allowed by RAN-ICMBio/IBAMA (licences 13777-2, 18516-1 and 20065-2).
